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ABSTRACT

Meta-materials are periodic metal structures exhibiting plasmonic resonance,
artificial magnetism, and/or left-handed behaviors, which correspond to negative values
of permittivity (g), permeability (p),» and consequent refraction index (n), when
electromagnetic (EM) waves ptopagate in these patterned arrays at a certain range of
wavelengths.

By using e-beam lithography "and lift-off .technique, three types of gold ring
resonators with line width 120-360 ‘nm-were"fabricated on glass. The area of the
patterned array was about 90x90um?”. Fourier transfer infrared spectroscopy (FTIR)
measurements were engaged for the study of optical properties of these meta-material
structures. The properties of the electric resonance, such as scaling, were observed. The
influence of the orientation of the ring resonators with respect to the incident electric
field on the reflection spectra were also compared among different ring resonator

structures.
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Chapter 1

Introduction

For a finite slab of continuous material, the complex transmission coefficient 7" and
reflection coefficient R are directly related to the refractive index » and impedance z
associated with the slab, which can in turn be expressed in terms of permittivity ¢ and

permeability u:

(1.1)

(1.2)

S
I
RS @

Thus, ¢ and u are often extracted from the-experimentally measured refractive index
data, and their frequency (or wavelength)' dependence is studied using light
transmission and reflection spectra.

Electric ¢ and magnetic u characterize the macroscopic response of a homogeneous
medium to the applied electric and magnetic fields. These are macroscopic parameters
because one usually seeks time or spatial response that is averaged over sufficiently
long time or sufficiently large space. Therefore only frequency components of the
individual (atomic or molecular) resonators driven by the external fields survive in
macroscopic measurements. The concept can be extended to inhomogeneous
materials if the domain size is much smaller than the wavelength of radiation. The
radiation does not necessarily resolve the individual mesostructures, but responds to
the macroscopic resonances of the structure. Such materials are called metamaterials,

and can be characterized by macroscopic parameters like homogeneous materials.
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Usually, optical materials have positive values of ¢ and u. Although it was realized
that the refractive index would have to be a complex quantity to account for
absorption, or even a tensor to describe anisotropic behavior of materials, the question
of the sign of the refractive index did not arise. According to the Maxwell’s equation

for a planar harmonic wave '~ :

kxE = ou,ud (1.3)

kxH =-ws E (1.4)

where k is the wave vector, E and H are the electric and magnetic fields respectively.

Using the definition k& = (nw/ C)IAi, where 12 is the unit vector along Ex H, it
appears that the refractive index n with Re(¢)<0 and Re(u)<O0 is also negative. Such
materials permit wave to propagate while. wave in media with only Re(¢)<O or
Re(1)<0 decays since k’<0. Note, that7in<the case of DNGs (double negative
metamaterials), the Poynting véetor (S = E x H (W/m”), representing the energy flux)
and the wave vector are anti-parallel..'Figure 1-1 shows the four quadrants in the
Re(¢)-Re(1) plane into which we can‘conveniently classify electromagnetic (EM)
materials. The behavior of wave in each of the quadrants is qualitatively different:
materials in the first quadrant allow usual right-handed (RH) propagating waves;
materials in the second and fourth quadrants do not allow propagating waves inside
them; and DNGs in the third quadrant allow “left-handed” (LH) propagating waves.
Metamaterials have recently received a considerable amount of academic attentions
owing to their unusual EM properties and promising applications. In 1968, Veselago
first introduced the term “left-handed materials (LHMs)” [2]. He suggested that in a
medium which the permittivity ¢ and permeability x are simultaneously negative, the
EM waves would propagate in a direction opposite to that of the energy. In this case,

the electric field E, the magnetic field H, and the wave vector k form a left-handed
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Figure 1-1 A schematic presentation of material classification based on the
dielectric and magnetic properties. The wavy lines in quadrants 1 and 3 represent that
these materials allow propagating waves, the axes show the right- and left-handed
nature of E, H, and k, and S is the Poynting vector. In quadrants 2 and 4, waves decay

exponentially inside the materials, The figure is imaged from [1].

coordinate system, so the name¢ LHMSs has-been used to describe these materials.
LHMs exhibit reversal of Doppler effects .and Cerenkov radiation, and negative
refractive index, which would enable some interesting applications such as flat lens
focusing and super resolution optics, which breaks the diffraction limit [3].

A negative permittivity is not unusual, and occurs in any metal from zero to the
plasma frequency. However, a large magnetic response, in general, and a negative
permeability at optical frequency, in particular, does not occur in natural materials.
Usual ferromagnetic and antiferromagnetic resonances tend to die out above GHz
frequencies, thus one can safely assume that the magnetic permeability of optical
materials is unity [4]. The interest in the Veselago’s work was renewed when Pendry
et al. proposed in 1999 an artificial material consisting of the so-called split-ring
resonators (SRRs), which respond strongly to an incident magnetic field resulting in

negative permeability near the magnetic resonance frequency, and thin metallic wire,
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which provide negative permittivity below the cutoff plasma frequency [5]. D. R.
Smith et al. fabricated the first composite metamaterials (CMM) of SRRs and wires in
alternating layers operated at GHz frequencies (the microwave region) in 2000 [6].
Since then, various CMM samples were prepared and shown to exhibit a pass band in
which it was assumed that & and x were both negative, indicating the existence of
media with a negative refractive index.

The realization of negative refractive index media made a great impact on the
scientific community, and resulted in the discovery of various novel aspects of
left-handed electromagnetism. Efforts are made through analytical modeling,
numerical simulations, and experimental studies, especially on SRR to push the
operating frequency of metamaterials into the THz region and ultimately to reach
optical frequencies. Typically, the‘occurrence of'a CMM pass band within the stop
bands of the SRR and wire structures alone was taken as an evidence of the LH
behavior. Later this has been proven net-always being the case due to the fact that
SRR exhibits both electric and magnetic response. Furthermore, there have been
experimental verifications of the negative refractive index using Snell’s law [7, 8].
The transmission and reflection data can also be calculated using the transfer matrix
method for a finite length of metamaterial which a retrieval procedure [9, 10, 11]
could be applied to obtain the effective metamaterial parameters & and u, under an
assumption that it can be treated as homogeneous. Using these analytical expressions
one is able to reproduce the low frequency transmission T and reflection R,
characteristics of LHMs. Even the minor details in 7 and R observed in the
simulations can be analytically explained. This procedure confirmed [12] that a
medium composed of SRRs and wires could indeed be characterized by effective ¢
and x with negative real parts over a finite frequency band, and its refractive index

also has a negative real part.



This thesis work is organized as follow: In Chapter 2, basic theories of the ring
resonators are introduced. In Chapter 3, detailed design concepts of the nano-scaled
ring resonators are indicated. In Chapter 4, fabrication process and results are
presented. In Chapter 5, optical measurement process, data analysis and the spectral

result are discussed. And in Chater6, a brief conclusion and future work is given.



Chapter 2

Theory of Metamaterials

Periodically arranged thin metallic wire structures on a sub-wavelength scale are
shown to exhibit the plasma frequency @), in the microwave regime, below which the
material is opaque [13] and the permittivity is considered to be negative.

Split-ring resonators (SRRs) are the main elements used to generate negative
permeability. The original form of SRR proposed by Pendry ef al. [5] consists of two
concentric rings separated by a gap, bothiof which have one split at the opposite sides
as shown in Figure 2-1. As scaling down, single-ring SRRs are used instead of
double-ring structures for easé- of ~fabrication and reduction of the capacitance.
Moreover, SRRs with two or four splits lare designed for the sake of symmetric
resonator to remove the electric coupling effect. Regardless of the changes in
geometry, the SRRs remain a basic form. The key for SRR to exhibit magnetic
resonance is the capacitance of the air gap and the inductance of the metallic loop.

In the following sections, we introduce magnetic and electric response of SRR and
ways to identify these two responses. Higher order excitation modes of SRR are also
shown. And then we discuss the properties of CMM as well as other possible

structures generating negative x4 or even .



Figure 2-1 Plan view of a conventional double-ring SRR. The figure is imaged from

[5].

2.1 Magnetic Response of SRR

The magnetic response of SRR is . typically considered a LC resonance with

1
frequency o,. =(L,C;,) *, where Lz is the total inductance formed by combination

of Lng the self-inductance of the rectangular SRR loop, and Luua, the mutual
inductance formed between the conductive arms of neighboring SRR elements. An
equation describing the self-inductance of a complete rectangular loop made from

rectangular cross section wire is given by [14]:

w
1——
WL w w . o) W, W,
L. =021 (—sinh ™ 1+ —+/2 + (I — ) xsinh ——\/1—— F(D)H (2.1
ring ﬂo(2 > (2) (K) (2) (2))()
2

while the equation for the mutual inductance of two parallel rectangular conductors is

given by [15]:

2 2
L, = O.21(ln(é+\/l+%)—\/l+d— +i),uH (2.2)
where / is the length of the SRR element, w is the width of the wire forming the SRR,
and d is the centre-to-centre separation between the arms of adjacent SRR elements.

In order to calculate the total capacitance of the SRR element Cr, it is necessary to



take into account the parallel plate and co-planar capacitances formed by the gap in

the SRR structure and between any two individual SRR elements. The parallel plate

capacitance can be simply taken as C =805r§, while the general form of the

equation for the co-planar capacitance per unit length for two metal strips of width p,

separated by distance g, is given by [16]:

_ (e, +Deg, lln(21+\/z

C
v 2z 1=k

) F/m (2.3)

where &’ is a geometrical factor given by: k'= _|[1— (L)2 .
P+2q

2.1.1 Geometric Parameters and Tunable SRR

Since the magnetic response of SRR is'due to-the LC resonance, it is closely related
to the geometry of the unit cell: To achieve a higher operating frequency, the total
capacitance and inductance of &SRR array must be réduced. A straightforward way is
to scale down the SRR unit size®~Applying different designs or carefully tuning the
geometric parameters may also result in desired higher operating frequencies. K.
Aydin et al. found [17] that by engineering the structure design 1) to increase the split
width, 2) to enlarge the gap distance between inner and outer rings, and 3) 50 reduce
the metal line width of the rings, one would decrease the capacitance or inductance
thus give rise to higher resonance frequencies, although the degree of tunability is
very limit. In addition, five different resonator structures shown in Figure 2-2 together
with a conventional SRR (see Figure 2-1) were studied. In both cases of single-ring
and double-ring SRRs, the resonance frequency increases as the number of splits
increases. This is because when a second split is placed on the ring, the capacitors are
connected in series. Therefore, the total capacitance will decrease approximately by a

factor of 2. Due to this great amount of reduction in capacitance of individual ring



resonators, the change in resonance frequency is very large compared to the cases
when altering split widths, gap distances and metal widths. Transmission spectra of
single-ring SRRs with different numbers of cut are shown in Figure 2-3. Those of
double-ring SRRs are not shown here because of the similarity. Note that the
experiment was done by measurements of a single resonator, so a dip in the
transmission spectrum was attributed to the resonant nature of SRR. Moreover, when
increasing the split width, the rate of increase is larger for structures with more splits
due to larger variations in capacitance, as depicted in Figure 2-4 (again, only for the
single-ring case). The measured magnetic resonance frequencies for six different
resonator structures are summarized in Table 2-1. It can be seen that for mm-scaled
one-cut and two-cut resonator structures, the amount of decrease in w,, between
single-ring and double-ring SRRs*is éround:l' GHZ. But in the case of a four-cut
structure, such behavior is not‘.observe(‘i‘rb;;‘:caﬁse “o'fi its symmetric orientation. The
mutual capacitance between inﬁgf and Qutegg'gags is V'Iery small due to the fact that the
induced charges along both ringé ‘ha\r/e the ‘s‘ame‘ sign and similar magnitude. As a
result, addition of a second ring does not affect the overall capacitance of the four-cut

single-ring resonator. In turn, the resonance frequency did not change appreciably.

O00COY

Figure 2-2 Schematic drawings of different resonator structures: (a) single-ring with
one cut, (b) single-ring with two cuts, (¢) single-ring with four cuts, (d) double-ring

with two cuts, and (e) double-ring with four cuts. The figure is imaged from [17].
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Figure 2-4 Variation of magnetic resonance frequency with the split width for (a)

the one-cut, (b) two-cut, and (c) four-cut ring single-ring resonators. The figure is

imaged from [17].

Table 2-1

Measured magnetic resonance frequencies (GHz) for six different

resonator structures. The table is imaged from [17].

Single-ring resonator

Double-ring resonator

One cut 4,58 GHz
Two cut 7.82 GHz
Four cut 12,9 GHz

3.63 GHz
6,86 GHz
12,96 GHz
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It has been shown that mounting additional capacitance is possible for making
tunable SRRs [17, 18]. On the other hand, a study regarding the length of the side

arms of SRR is discussed in section 2.2.4 together with higher order excitations [27].

2.1.2 Electric Coupling Effect and Anisotropic Nature of SRR

There are four nontrivial orientation and polarization combinations of SRRs with
respect to the incident EM waves that are frequently used when studying the
transmission properties of SRR, as shown in Figure 2-5. It was assumed that the SRR
exhibits magnetic response only for the in-plane incidence, i.e. the external magnetic
field is applied perpendicular to the pattern (Figure 2-5 (a), (b)). During the study of
higher dimensional LHMs, N. Katsarakis et al. first discovered [19] that besides a
magnetic field normal to the SRR the incident electric field E couples to the magnetic
resonance of the SRR when the-EM waves propagate perpendicular to the SRR plane
and the incident E is parallel to the gap-bearing.sides of the SRR (see Figure 2-5 (d)).
The effect of this electric coupling'is a resonance of ¢ near w,,. Figure 2-6 present the
transmission spectra of the SRR in four orientation and polarization combinations. It
can be seen that a stop band exists in (d), which was thought to be magnetically
inactive. Note that there is a broadening of the band gap in (b), which is also a result
from EEMR (electric excitation coupling to the magnetic resonance). This broader
band gap was not associated with a broader LH peak when the SRRs were combined
with wires [20]. The phenomenon can also be seen in the reflectance spectra in Figure
2-7, where the TE mode corresponds to (c) in Figure 2-5 and the TM mode
corresponds to (d). The EEMR might degrade or even destroy the lift-handed
properties of the metamaterial when the SRRs are combined with the wires, since it
leads to lowering the effective plasma frequency and adds a RH transmission shoulder

close to w,,. However, it is very valuable for the experimental demonstration of the
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magnetic resonance at optical frequencies, because of the difficulty in measuring the
transmission and reflection with the incident EM wave parallel to the SRR plane at
such frequencies

The origin of this effect is the asymmetric charge distribution (non-zero average
electric polarization) in the SRR caused by the external electric field. Numerical
simulations using the FDTD method were performed, which allowing visualization of
the spatial distributions of the fields and currents inside the system. As shown in
Figure 2-8, the SRR will experience different spatial distribution of the induced
polarization, depending on the relative orientation of E with the SRR gap. If E is
parallel to the no-gap sides of the SRR, its polarization will be symmetric and the
polarization current is only flowing up and down the sides of the SRR, as revealed in
Figure 2-8 (a). If the SRR is turned-by 90° (see Figure 2-8 (b)), the broken symmetry
leads to a different configuration..of surface charges on both sides of the SRR,
connected with a compensating-current flowang between the sides. This current then
also contributes to the magnetic resonance.

Marques considered the bianisotropy in SRR structures and developed an analytical
model for evaluating the magnitude of cross-polarization effects [21]. It has been
shown that symmetric SRRs, i.e. SRRs with two or four splits can be used to remove
the electric coupling effect [22]. The problem arising from this kind of design is the
difficulty of maintaining the capacitance of the single-gap ring, as the gaps act like
capacitors in series, leading to a considerable lowering of the total capacitance and
thus to an increase of w,, as discussed in the last section. This might be a disadvantage
as it decreases the possibility of w,, lying below the electric cut-off frequency of the
system. One solution to the problem could be decrease of the gap size, although in
many cases, this method is limited by the presenting technology. Another solution

could be the modification in the design, with the capacitance of the gaps being
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increased. The result from such modification is usually a lowering of @, but not

always an improvement in the transmission picture, as the strength of the magnetic

resonance and the width of the u<0 regime are affected as well. Two examples of

symmetric SRR designs and its possible modified forms are shown in Figure 2-9

Figure 2-5 SRR in the four nontrivial EM field propagation directions an
polarizations. The figure is imaged from [36].
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Figure 2-6 Measured transmission spectra of a lattice of SRRs for the four different
orientations shown in Figure 2-5. The figure is imaged from [19].
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Figure 2-7 Reflectance spectra for aluminum SRR sample showing experimental
and simulated TE and TM resonant peaks. The figure is imaged from [23].

Figure 2-8 Simple drawings for the polarization in two different orientations of a
single-ring SRR. The external electric field points upward. Only in case of broken
symmetry (b) a circular will appear which excites the magnetic resonance of the SRR.
The interior of the ring shows FDTD data for the polarization current component Jz
at a fixed time for normal incidence as a gray scale plot. The figure is imaged from
[19].

@ = @ = ® = o) = @)=

Figure 2-9 Two examples of symmetric SRR designs (a) and (b), and the possible
modified forms (a’) and (b’), (b”) with lowered magnetic resonance frequencies. The

figure is imaged from [20].
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2.2 Electric Response of SRR

SRRs have not only magnetic response, but also electric response that adds to the
electric response of the wires causing the effective plasma frequency, w’,, of the
composite medium shift to lower frequencies and differ substantially from that of the
wire-only medium.

The SRR has electric response that appears at lower frequency than its magnetic
response. This electric resonance is related to the plasma resonance in a thin
continuous wire but shifted to nonzero frequency as a result of the additional
depolarization field arising from the finite side length of the SRR. It is a collective
property of the SRR array, which has a relatively low dependence on shape. At
frequencies in the infrared part of the spectrum, it is also not strongly dependent on
the particular metal used [23]. In.fact, it is'basically’determined by the size of the SRR
in the direction of the electric field [24]. To-describe the plasma resonance of SRRs, a
factor F is introduced, which is-therarca ‘of-exposed substrate in a unit cell, i.e. the
total area of the unit cell minus the areaicovered by the metallic SRR. A modified

equation for the reduced plasma frequency may then be written as:

2
0 =—° 27 (rad s 2.4)

2
2 a 2
a” -In(—)-n

where ngyis the effective refractive index of the dielectric medium at the frequency of
the infrared radiation interacting with the SRR array. As the metal area of an
individual SRR increases, F' decreases for a fixed unit cell area, and then the plasma
frequency also decreases.

Theoretically, it might be possible to achieve a LH transmission regime using only
an array of SRRs by tuning the magnetic resonance into the negative permittivity

band provided by its own electric ct-wire response [20].

15



2.2.1 Periodic and Disordered SRR Array

In previous work, EM responses were studied for either single or an array of SRR.
The sensitivities of resonance frequency to the geometrical arrangement of SRRs
were reported [25]. As shown in Figure 2-10 (a), up to four SRRs were placed along
the x direction (propagation direction). The decreased transmission power was
measured as the number of SRRs increased, while the resonance frequency remained
essentially the same. The distance between the four SRRs was then tuned. Splitting of
resonance was observed experimentally for short separation distance (d<A/4) due to
the quality factor Q suddenly explodes and the main resonance frequency shifts
towards lower values and become narrower. When additional rows of SRRs are added
along the z direction as depicted in*Figure 2-10(b) and (c), the resonance frequencies
shifted to lower values and broaden. The frequency-shift decreases when more SRR
rows are added. Figure 2-11 shows the telation-between scattering cross section (SCS)
and frequency of the incident light with two-different separation distances for 1, 2,
and 3 rows of SRRs in Figure 2-10 (a)-(c). It depicts the three above mentioned
phenomena clearly. The scattering cross section can be obtained by integrating the
scattered field over a large sphere enclosing the system (typical radius100A). In
addition, no resonance splitting occurs when the SRRs are placed side by side in y
direction even for extremely small separation (Figure 2-11 (d)). The sensitivity to the
geometrical arrangement imposes constraints on the accuracy with which SRR arrays
must be fabricated. On the other hand, it also offers the possibility to tune the
structure and place the resonance frequency at a specific value. The resonance
characteristics of a SRR array depend on the number of elements, which converge
with about eight elements in each direction. This is important for the implementation

of SRRs in a practical device with finite size.
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(a)

(b)

Figure 2-10 Geometries considered for the study of interacting SRRs. (a) Two
SRRs in a row; (b) two SRRs rows; (c) three SRRs rows, and (d) two SRRs placed
side by side. The figure is imaged from [25].

K. Aydin et al. investigated effects of a disordered SRR array on magnetic
resonance in detail [26]. In the case of misalignments (inter-plane disorders), the
SRRs within each plane are periodic in x and y directions, but the planes themselves
are shifted arbitrarily in z (shown in Figure 2-12 (a) with a corresponding
transmission spectrum) or x (shown in Figure 2-12 (b) and (c) with corresponding

transmission spectrum, respectively) direction. By introducing randomness to the
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Figure 2-11  Scattering cross section (SCS) computed for 1, 2, and 3 rows of SRRs
(Figure 2-10(a)-(c)). Two different separation distances d have been selected; the

inter-row spacing is c=20mm. The'figure is.imaged.from [25].

positions of SRRs along x and y directions-within a plane, another type of disorder in
SRR layers (intra-plane disorder) can be.induced as shown in Figure 2-13 (a) and (b)
with corresponding transmission spectra. By combining the inter-plane and
intra-plane disorder, one can obtain a structure disordered in all three spatial
directions. The transmission spectrum of such fully disordered SRR structure is
shown in Figure 2-13 (d). The decreased transmission level and narrower pass band
width due to reduced coupling in disordered SRR array may cause an impaired LH
behavior of CMMs as presented in Figure 2-14. The dominant coupling occurs
between consecutive SRRs along the propagation direction of the EM field, which
depends strongly on the distance between any two adjacent SRRs along this direction.
Thus, deviations from the periodic arrangement along the propagation direction have

more impact on the properties of the negative permeability region.
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Figure 2-12 Top panel: Schematic drawings of disordered split-ring resonator media
with (a) disorder in z direction with randomizing the inter-plane distance a_ £,
where &, < 1/4, (b) disorder in x direction with misalignment parameter |5X| < /8,
(c) increased disorder in x direction with -parameter |5x| <2/2 . Bottom panel:
Measured transmission spectra‘ of periodic and ordered SRR medium (blue) and

corresponding disordered split-fing resonator media (red). The figure is imaged from
[26]
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Figure 2-13 Top panel: Schematic drawings of intra-plane disordered SRRs with (a)
‘Sr‘ <a/9, (b) ‘Sr‘ <a/5 where &, is the randomness parameter. Bottom panel:
Measured transmission spectra of ordered SRR (blue) and disordered SRR media
(red), (c) Comparison of the transmission spectra for ordered and disordered SRRs
where the disorder is in all 3 spatial directions. The figure is imaged from [26]
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Figure 2-14 Measured transmission spectra of periodic and ordered SRR medium
(blue) and corresponding disordered split-ring resonator mediums (red). The figure is

imaged from [26]

2.3 ldentifying Magnetic Response of SRR

Since SRRs exhibit electric response in addition to magnetic response, identifying
magnetic response from transmission spectra of SRR is thus very crucial and valuable
in experimental studies. In praetice, ¢ andu. are difficult to be obtained
simultaneously. Some transmission peaks were. thought to be LH, but in fact
originated with RH.

K. Aydin et al. provided four useful.experimental methods, in order to identify the
magnetic resonance of SRRs at the microwave frequency regime [13]. In their study,
transmissions of two orientations of SRR with respect to the incident EM wave were
measured. The schematic drawings of the two types of SRR (named SRR (A) and
SRR (B) here) are depicted in Figure 2-15, corresponding to Figure 2-5 (a) and (b)
respectively. Then the closed ring resonators (CRR) (Figure 2-16) were used to kill
the magnetic resonance while retain the electric resonance. The transmission spectra
of SRR (A), SRR (B), and CRR are presented in Figure 2-17 at two frequency ranges
where the magnetic and electric response were expected to take place. Figure 2-17 (a)
shows that the transmission dip caused by magnetic response disappeared in CRR
while Figure 2-17 (b) demonstrates that its electric response retained. Note that the

electrical resonance frequency for SRR (B) structure is observed at a lower frequency
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Figure 2-15 Unit cell of split-ring resonators with split-axis along the (A) y
direction, (B) x direction. (k is along x direction, E is along y direction and H is along
z direction.) The figure is imaged from [13]
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Figure 2-17 Measured transmission spectra of the unit cell of SRR (A), SRR (B),
and CRR structures at (a) 3-4 GHz and (b) 8-12 GHz. The figure is imaged from [13]

while electric resonance at same frequency for all structures is expected. This
behavior is attributed to the orientation of the splits with respect to the electric field.
Many other experimental studies [17, 22] also reported that closing the gap of the

SRR can eliminate the capacitor of the SRR, and thus is an efficient way to destroy
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the magnetic resonance. One can then identify the magnetic response of SRR by

comparing the transmission spectrum to that of CRR.

2.4 Higher Order Excitation Modes of SRR

J. Zhou et al. studied numerical simulations of the higher order excitation modes of
SRRs, and how the length of the side arms of SRR affects its EM response [27]. The
geometrical parameters of a U-shaped SRR unit cell are indicated in Figure 2-18. First,
as shown in Figure 2-19, the real part of effective ¢ and u were extracted for three
orientation and polarization combinations of SRR with respect to the incident EM
waves, which represented pure magnetic resonance, EEMR (electric excitation
coupling to the magnetic resonance),, and_short-wire like or electric resonance
according (correspond to Figure.2-5,(a), (d)afd (¢); respectively). It can be seen that
the EEMR had a resonance in-g at roughly the same frequency w,=55 THz as the
magnetic resonance in u. At a“higher frequency, @w,=135 THz, the short-wire-like
electric resonance in € occurred. Notice that when the lattice constant was comparable
to the resonance wavelength (the EEMR in this case), a stronger distortion in negative
part of resonance and a more significant anti-resonance could be observed due to the

periodicity effect [12].

a, L
w

Figure 2-18 A U-shaped SRR unit cell with geometrical parameters. The figure is
imaged from [27].
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Figure 2-19 Extracted real part of (a) effective permittivity Re(e(w)) and (b)
effective permeability Re(u(w)) for the magnetic resonance (red solid), the electric
excitation coupling to the magneti¢ fesonance (EEMR) (blue dashed) and the
short-wire-like resonance (green“dotted) of U-shaped gold SRRs. The geometric
parameters are a, = a, = 1 pm, a. = 0.2 pm, /, = [, =0.8 um, w = 0.1 um and ¢ = 0.05
um. The U-shaped SRR is described by the Drude model with plasma frequency fp =
2175 THz, and damping frequency ft = 6.5THz. The figure is imaged from [27].

Secondly, higher excitation modes were presented for the EEMR and short-wire
like resonance through both transmission spectra and extracted Re(e), as shown in
Figure 2-20. As a very crude picture we could imagine the resonance of the SRRs as
charge density waves on a rod with the length equal to the arc length of the SRR. This
rod supports plasmonic modes, which occur at discrete frequencies whenever there
are current nodes at the ends of the rod. Considering that the current distribution is an
essential tool for understanding the resonant modes of a SRR at higher THz

frequencies while in the microwave region only the remnants of the resonant modes
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Figure 2-20 (a), (b): Transmission spectra and (c), (d): the extracted Re(e) of the
U-shaped SRRs response to the incident EM wave. The figure is imaged from [27].

Figure 2-21 Current distribution of the lowest 3 modes. (a) A /2, 3X /2, and 5\ 2
mode for the EEMR response; and (b) A , 2A , and 3A mode for the short-wire-like
response. Due to the nonzero response of lower order modes, nodes of higher order

modes only reach zero at the positions of the lowest nodes. The figure is imaged from
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Figure 2-22 Magnitude of the normalized'polarization density, P, of the U-shaped
SRRs with /, = 0.8 pm (red solid), 0.4 pm (blue dashed) and 0.11 pm (green dotted),
respectively. (a) P, component -as. E parallelto’ the bottom part of SRRs. While the
other two components P, and P."are nearly zero (not shown in the figure). (b) P,
component as E parallel to the side part of SRRs, while the other two components P,

and P, are again nearly zero (not shown in the figure). The figure is imaged from [27].

of the lowest order mode survive. However, it is of limited value due to a strong
dependence of EM responses and plasmonic dispersion on the geometry which might
be very different for SRRs from a rod. Simulations of the current distribution in
Figure 2-21 revealed that the magnetic resonances are modes with odd number of half
wavelength of the current density wave, i.e. M2, 30/2, and 5A/2, while the electric
resonances are modes with integer number of whole wavelength the current density
wave, i.e. 1A, 2A, and 3A. Note the non-uniform spacing of the nodes or higher orders
are different from the straight rod and are due to the curvature of the SRR and the

coupling to the bottom arm or side arms only.
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Figure 2-23 (a) Magnitude -of the normalized magnetization, M., and (b) the
extracted real part of permittivity, Re(e?);0f the U-shaped SRRs with the length /, =
0.8 um (red solid), 0.4 pm (blue*dashed) and 0.11 um (green dotted), respectively.
The short-wire-like resonance has zero magnetic moment (not shown in the figure).
The figure is imaged from [27].

Finally, the electric polarizations of the EEMR (Figure 2-22 (a)), short-wire-like
resonance (Figure 2-22 (b)), as well as the magnetism of the EEMR (Figure 2-23 (a))
of the U-shaped SRRs were calculated for the different length of side arms /,. In all
three cases, the polarization decreased and shifted to higher frequencies as /,
decreased. The EEMR response became weaker and eventually disappeared as /,
reduced to zero. However, P, did not vanish when /=0 because the EEMR
degenerated to the short-wire-like resonance of the bottom arm of the SRR which
resulted in non-zero electric polarization. In contrast, the magnetic moment of the

magnetic resonance vanishes as the length of side arms of the SRR reduces to zero, i.e.
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a rod does not give any magnetic moment or magnetic resonance. Figure 2-23 (b)
shows that the magnitude of the resonance in Re(e) decreases much slower than the
magnetic moment dose as the arm length decreases. The reason is that the magnetic
moment vanishes immediately as the side arms disappear, but the resonance in Re(e)
always exists as long as the short-wire-like electric resonance exists in the bottom part

of the SRR.

2.5 Properties of CMM

M. Kafesaki et al. gave parametric studies of LHMs that aimed at optimum
parameters for obtaining a true broad LH transmission band with large transmitted
power [20]. The optimum position of the wites found in the study is at the back of the
dielectric boards, just behind the .guts of, the rings, while the distance of the wire to the
SRR plane does not influence the LH peak very much. In fact, there are typically two
arrangements of SRRs and wires when making CMMs. One is by stacking layers of
SRRs and wires alternatively (off-plane), and another is by placing SRRs and wires
side by side (in-plane). It is found that for in-plane CMMs, the left-handed
transmission peak is much narrower and w’, is higher than that for off-plane ones.
The reduction in w’, suggests that there is a significant coupling between the electric
response of the wires and that of the SRRs in the off-plane case [24]. This makes the
oft-plane CMMs more preferable for obtaining LHMs. Nevertheless, the fabrication
process could be complex, and an alignment problem might occur. In-plane and
oft-plane configurations of CMMs and comparison of their transmission spectra are
shown in Figure 2-24.

The effective medium theory proposed by T. Koschny ef al. gave analytical

equations for the effective ¢ of wires and SRRs as well as for the effective u of SRRs
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are given [24]:
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The response of various components of a metamaterial of SRRs and wires to an EM
field was presented in a compact schematic form as shown in Figure 2-25. This
response is shown through the frequency dependence of the transmission coefficient
(left panels), dielectric function (middle panels), and magnetic permeability (right
panels). The first row shows the response of a periodic system of infinite wires. This
response is analogous to that of a’bulk metal; ite. there is a cut-off frequency w, above
which &(w) becomes positive from negative, and thus the system becomes
“transparent” to the EM radiation. The:system-does - not have any magnetic response.
The second row shows the response ‘of a system of cut-wires (with the wire length
much shorter than the EM wavelength ), or CRRs. Different from the continuous
wires, here the negative ¢ regime has also a lower edge wy# 0, due to the finite nature
of the wires. The ¢(w) has the form shown in the middle graph. Again there is no
magnetic response. The third row shows the response of a periodic system of
(single-ring) SRRs. Their electric response is cut-wire-like (as in the second row) and
their magnetic response has a resonance frequency at w,, where ¢ jumps from positive
to negative values. The transmission (left panel) becomes finite in the regions of
positive product gu, and goes to zero for negative ¢u. The relative order of the
characteristic frequencies (@, ®,, ®y) depends on the parameters of each specific

system. The forth row shows the response of a system of infinite wires plus cut-wires
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Figure 2-24 (A) In-plane and (B) off-plane configurations of CMMs. (b):
Transmission coefficient (7 in dB) versus the dimensionless frequency for the
structures shown in (a). The solid curve showed T for the configuration (A), i.e. wires
next to the SRRs, and the dashed curve was for the configuration (B), i.e. wires at the
back of the board. The board was a thinidieleetric layer (thickness=a/14) of dielectric
constant €,=12.3. The rest of the'background. material was air. The unit cell was a
cube, with the lattice constant ¢; the/SRR-had an.outer side length of 9a/14 and other
characteristic lengths were a/14. The wiré has a cross-section at the H—k plane of
(a/14) x (a/14). The figure is imaged from [20]:

(CRR). This system contains, in fact, all the electric response of the LHM, without its
magnetic response. The combined electric response of combined wires and cut-wires
has a new cut-off frequency, w’,, which is much lower than w,. The last row shows
the full response of the LHM. Its electric response is that of a system of wires plus
cut-wires (the forth row), and its magnetic response is that of a periodic system of
SRRs (the third row).

The most important issue aroused from combining SRRs and wires is the lowing of
the effective cut-off frequency w’, due to interaction between electric responses of
SRRs and wires. In some cases it is possible that w’, is lower than w,, and
transmission peaks appear at low frequencies would be RH rather than LH. A simple

way to study the combined electric response of the LHMs is to close the gaps in the
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Figure 2-25 Each row shows the response of one of five periodic systems to
electromagnetic wave. This response is shown through the frequency dependence of
transmission coefficient (left panels), dielectric function (middle panels), and

magnetic permeability (right panels). The figure is imaged from [24].

rings of the SRRs and kill the magnetic resonance without substantially affecting their
electric response. This also gives an easy criterion to identify whether an experimental
transmission peak is LH or RH: If closing the gaps of the SRRs in a given LHM
structure removes the peak close to the position of the SRR dip from the 7 spectrum,
this implies that the T peak is indeed left-handed.

It is shown that w, increases as the width of the metallic wires increase [20].
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Calculations of the transmission coefficient through the combined system of closed
SRRs and wires showed that @, also increases, although it depends on the relative
position and distance of w, and w, as well. The thickness of the wires has an effect
similar to that of the width on @ ’,. On the other hand, both the width and thickness of
the SRR rings have almost no effect on w’,. This is of great importance as the
thickness and width of the SRRs have considerable effects on w,,. Thus, since w,, is
controlled only by the SRRs while w’, is controlled also by the wires, one may has
the ability to control the electric and magnetic response of the LHMs

“independently”.

2.6 Other Structures Generating Negative u or n

To date, besides the early invented 'SRR;.many different structures have been
reported by several groups of researchers for achieving <0 such as the S-shaped [10],
H-shaped [53], paired-rod [9] or. double-wire [54], and m-shaped [55] structure.
Among these works, the S-shaped SRR'is able to yield negative ¢ and u at the same
frequency range and thus is worth mentioning here.

SRRs exhibit a frequency band of negative ¢ that is higher than that of negative ,
and they do not overlap in general. A previously purposed structure of two SRRs
printed on the opposite sides of the substrate has been proven to avoid bianisotropy,
and has the same magnetic effect as the conventional SRR structures. The geometry
of this structure is shown in Figure 2-26 (a) and its Re(e) and Re(u) are plotted in
Figure (b) and (c). One can clearly see that negative x« happens at a lower frequency
range than that of negative ¢, thus there is no overlap. The structure was constructed
where the branches of a single SRR are shaped like a squared S and two SRRs were

printed on each side of the substrate, yielding an eight-like pattern when viewed from
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Figure 2-26 (a) is the simplified ring geometry as first building block toward S
structure. Metalization is applied on each side of the substrate, and the capacitances C
enables current to flow around the ring under magnetic induction. (b) and (c) are the
real parts of permittivity (dashed line, left axis). and permeability (solid line, right
axis). Responses are the functioh of frequency:for SRR structures and incidence, as

shown in the insets. The figure is imaged from [28].
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Figure 2-27 (a) is a schematic drawing of the S-shaped resonator. Note the
additional capacitance C1 when compared to Figure 2-28 (a). (b) and (c) are the real
parts of permittivity (dashed line, left axis) and permeability (solid line, right axis).
Responses are the function of frequency for S-shaped resonator structures and

incidence, as shown in the insets. The figure is imaged from [28].
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Figure 2-28 Equivalent circuit for the geometry shown in Figure 2-29 (a).
Capacitance C1 enables current to flow in each half ring when a magnetic field is

applied. The figure is imaged from [28].

top (see Figure 2-27 (a)). Again, Re(e) and Re(w) are plotted. As can be seen from
Figure 2-27 (b) and (c), the- S-shaped tesonator lowered the electric resonant
frequency from 12 GHz to 11 GHz and increased the magnetic resonant frequency
from 9 GHz to 15 GHz, and therefore made the two frequency bands overlap from
10.9 GHz to 13.5 GHz (i.e., about 2.6 GHz bandwidth). The losses (-1.75 dB/cm) are
also proven to be significantly less than that of the standard split ring and rod designs
(-6.53 dB/cm). An equivalent circuit is presented in Figure 2-28. Besides the two
capacitances C between the top and bottom metallic strips, there is another
capacitance C1 between the center metallic strips. With C1 being large and equal to C,
the S-shaped resonator has a magnetic resonant frequency V3 times that of the SRR
in Figure 2-26 (a), while exhibiting the same electric property. Yet the extra lengths of
wire introduce an extra inductance, and the effect is to decrease the overall plasma

frequency.
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Chapter 3

Design of Nano-scaled SRR

LHMs were first realized at frequencies around 10 GHz (3 cm wavelength) and
fabricated mostly on stacked printed circuit boards. These samples allowed a broad
tunability of patterns and arrangements thus enabled investigation in several different
properties. Then, microstructures with magnetic resonance frequencies at about 1 THz
(300um wavelength) were fabricated by, .microlithography. Using nanofabrication
techniques, the LC resonance frequency]could increase to about 100 THz (3 um
wavelength) [4], bringing optical*frequencies into research for obtaining negative
index of refraction.

Mean-field theoretical considerationindicates that the characteristic scale of SRRs
should be at least tens or few hundred times smaller than the incident wavelength. In
fact, previous studies have shown that by employing the SRR with a size 1/11™ of the
incident wavelength, magnetic resonance can be obtained [13]. Thus, SRRs are
designed with a typical size that is about one tenth the wavelength of the desired
operating frequency [23]. In the microwave region, the mm-scaled SRR cell is easily
fabricated, but fabrication in the optical wavelength region is difficult since the SRR
pattern must be shrunk to the nanometer scale.

This thesis work mainly focused on two aspects: (1) demonstrating the electric and
magnetic responses of nano-scaled SRRs, which were previously done mostly for

mm- or pm-scaled SRRs; (2) observing the scaling of the electric and magnetic
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resonance frequency for nano-scaled SRRs. In the following sections, the design

concepts of the nano-scaled SRR are presented in details.

3.1 Non-linear Scaling of SRR

Typically, SRR has a unit cell size that is 1/ 10™ [23] to 1/11" [13] of the incident
wavelength. However, as the operating frequency becomes higher and higher,
non-linear scaling has been reported. Many approaches have been applied to study the
physical reason and mechanism of this effect.

Ishikawa and T. Tanaka reported the effects of the surface resistivity and the
internal reactance on the magnetic responses of the SRR by considering the delay of
the current in the conductor [33]. The frequency dependence of the surface resistivity
and internal reactance is depictéd in Figure<3-1.°As the frequency increases, both
surface resistivity and internal ‘reactance of the metals increase. The increase of the
surface resistivity results in thé-decrease of'the Q- value of the SRR, and thereby,
degrades the tunable range of the "permeability u. The increase of the internal
reactance leads to the reduction of the SRR resonant frequency. The surface resistivity
saturates at the inherent frequency of each metal about 10 THz. The saturation value
of silver is remarkably smaller than those of gold and copper. The internal reactance,
on the other hand, does not saturate and moves away from zero drastically as the
frequency increases. As a result, in the optical frequency region, the effect of the
internal reactance on the resonant frequency of the SRR was found to be more
dominant than that of the surface resistivity. It can be seen in Figure 3-2 that as the
geometric size of the SRR decreases, the magnetic response that is defined by the
difference between maximum and minimum values of the effective u decreases. And

the resonant frequency shifts to a higher value. Note that the increase of the resonant
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frequency is not linearly proportional to the sizes of the SRR due to the increase of the

internal reactance.
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Figure 3-1 Dispersion curves of the internal impedance of silver, gold, and copper.
In the frequency region exceeding FHz, the intérnal reactance is more dominant than
the surface resistivity, and this .internal reactance decreases the resonant frequency.

The figure is imaged from [33].
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Figure 3-2 Real and imaginary parts of the effective permeability of the silver SRRs
as a function of the SRR pattern size. The labeling in each case indicates the unit-cell
size a. The inset shows the corresponding sizes of the SRR in nanometers. The figure

is imaged from [33].
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Figure 3-3 Frequency dependencies of the minimum value of Re(n) of the SRRs
made of (a) silver, (b) gold, and (c) copper, with the filling factor of F = 5%, 7%, 10%,
and 13%, respectively. The frequency dependencies of the imaginary part of the
effective permeability IRe whose real part has the minimum value are also shown.
Only the silver SRR exhibits negative 1 in the visible range of 400—700 THz. The

figure is imaged from [33].
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The frequency dependence of the minimum value of Re(x) of the SRR for three
kinds of metals and four different filling factors were plotted in Figure 3-3. As the
frequency increases, the minimum value of Re(u) approaches unity asymptotically.
Only the silver SRR exhibits negative Re(u) in the visible light range, while the
propagation loss of silver is higher than that of gold or copper. Note that the filling
factor is also important for the realization of the negative x in visible light range.

Further studies showed that above the linear scaling regime the resonance
frequency saturates due to the free electron kinetic energy, which cannot be neglected
any longer in comparison with the magnetic energy [34]. Although the presence of the
magnetic resonance was reported to be observed with very small unit cells, such a
weak resonance was unable to conduct negative values as Re(u) approaches unity. The
maximum resonance frequency (and thus the negative Re(ux) region) increases with
the number of cuts in the SRR=The 4-cut SRR retains the negative Re(u) region for
higher frequencies up to about 550 THz..As-a.comparison, the 2- and 1-cut SRR could
only reach up to 420 THz and 280, FHz (unit.cell size ~60 nm), respectively. The
geometries of the 1-, 2-, and 4-cut single-ring SRR are schematically presented in
Figure 3-4 (a). Note that the gap widths were designed to make the capacitance of the

three types of SRR approximately the same, but the experimental result revealed that

. . . . wt .
the three capacitances were indeed different. This is because the formula C ~ 7 1s

not valid when d is not much smaller than w. Moreover, the periodic boundary
condition along the direction of the electric field only adds asymmetric side
capacitances to the SRR, as which is represented by the equivalent circuit in Figure
3-4 (b). Therefore, the three types of SRR have inequivalent capacitances and thus
different saturation frequencies. The scaling of the magnetic resonance frequency as a

function of the unit cell size a is shown in Figure 3-5.
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The electron kinetic energy adds an electron self-inductance L. to the magnetic
response which scales as 1/a while both the magnetic field inductance L,, and
capacitance C of the SRR scale as a. The resonance frequency f,, thus has the
following a-dependence:

1 1 1 1

_ _ L 3.1
T e o e o

where c; and ¢, are independent of a. Other factors that break the linear scaling and

contribute to the increase of the Ohmic losses are (1) the increased scattering of

electrons at the surface of the metal and (2) the larger skin depth (scales asi) over

N

metal thickness ratio. Both factors depend in a complicated way on the geometry and

the surface smoothness, and thus require, further experimental studies.

T‘II*TTII

(a)

Figure 3-4 (a) The geometries of the 1-, 2-, and 4-cut single-ring SRR. The SRR is
made of aluminum, simulated using Drude model (f,=3570 THz, ,=19.4 THz). The
parameters of the SRR are side length /=0.914a, width and thickness w=¢=0.257a, and
cut width d=0.2a, 0.1a, and 0.05a for the 1-, 2-, and 4-cut SRR, respectively. (b) The
left panel shows the charge accumulation in a 4-cut SRR, as a result of the periodic
boundary conditions in the E (and H) direction. The right panel shows the equivalent
LC circuit describing this SRR. Cy is the gap capacitance and C the side capacitance
resulting from the interaction with the neighboring SRR. The figure is imaged from
[34].
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Figure 3-5 Solid lines with symbols shows the scaling of the simulated magnetic
resonance frequency f,, as a function of the size of the unit cell a for the 1-, 2-, and
4-cut SRR, respectively. Up to the lower THz region, the scaling is linear, f,, o« 1/a.
The maximum attainable frequency issttongly enhanced with the number of cuts in
the SRR ring. The hollow symbols as well as the vertical line at 1/a =17.9 pum’
indicate that no u<O0 is reached-anymore. The nonselid lines show the scaling of f,,
calculated from Eq. 3.1 (LC cir¢uit model): The figur¢ is imaged from [34].

Despite the small line width that is-theoretically required when scaling down the
SRR, there are studies showing that the ratio of the effective sizes of the SRR to the
wavelength of the incident beam is around 1, which suggests a wide scale
independence [35]. This size tolerance is useful in realizing the metamaterials with
negative n in the optical wavelength range.

In most experiments, the transmission is measured at a fixed incident angle for a
certain range of wavelength. However, in [35], the incident angle was tuned while the
wavelength was fixed by choosing different laser sources. Lasers with the output
wavelength of 10.86 pm and 9.43 um were used because the characteristic size of the
SRR (10.48pum) was in between these two wavelengths. The transmission results were
shown in Figure 3-6 (a) and (b). At 90° tile angle (in-plane incident) the transmission

was expected to peak since the direct contribution of the incident beam to the detector
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became dominant, as can be seen in the case of Al-coated planar Si (gray line).
However, when the SRRs were patterned on the substrate, absorption at in-plane
incident occurred (black line). Although the absorption of parallel polarization at 9.43
um is less significant than that at 10.86 um, it is still observable, showing a great size
tolerance. The coherence of the laser may be critical to the onset of resonance.
Moreover, an 808 nm laser was used to cross-check the rapid oscillation near the
non-resonance region caused by the Fabry-Perot effect, as shown in Figure 3-6 (c).
Here, neither the rapid oscillation nor the magnetic response appeared. The
transmission through Si at wavelength below 1um is extremely low due to high loss.

And the incident wavelength is beyond size tolerance.
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Silicon
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Figure 3-6 Normalized transmission of the SRRs. Data of the Al-coated planar Si is
presented for reference. The operating wavelength is (a) 10.86 pm, (b) 9.43 um and (c)
808 nm, and the laser power on the sample is ~100mW. The figure is imaged from
[35] and edited
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3.2 Patterns of SRR

3.2.1 Unit Cell Size of SRR

There are typically two interested frequency ranges when applying for bio-sensing.
One is the visible light region and another is the middle infrared region (MIR) around
10 um. The former is valuable due to its ease to observe. Also, the EM wave energy in
this region (~2eV) is able to excite the transition between two orbital bands (e.g.
HOMO and LUMO), such that fluorescence of bio-molecules might be enhanced
when applied to periodic metal patterns. This so-called metal-enhanced fluorescence
(MEF) has a promising potential in detecting bio-molecules. The later, on the other
hand, induces energy approximately equal to that of molecular bonding (~0.1eV).
This is helpful in “fingerprint” detection of .bio-molecules. It would be rather difficult
to design SRRs that operate in'the visible light'region using existing fabrication
technology, since it requires really 'small line-width. Instead, by fabricating SRRs with
the unit cell size about 1 um, its possible-to-obtain LH behavior at around 10 pm,
which might further excite magnetism or .change in bonding configuration, and thus
achieve bio-sensing. Moreover, as mentioned at the beginning of this chapter, this
thesis work aims at studying the scaling of the electric and magnetic resonance
frequency for nano-scaled SRRs. Considering both intentions, five unit cell sizes have
been chosen in our experiment: 600nm, 900nm, 1200nm, 1500nm, and 1800nm.

For a square single-ring SRR shown in Figure 3-7, w,, is proportional to 1// while

o depends only on sides parallel to the electric field, following approximately the
relation, @, oc a/ \/Z . Thus wyshows a weaker dependence than w,, on / in Figure

3-8 (a) and is constant in Figure 3-8 (b) where only /; was tuned. The different
dependence of w, and @y on a/l allows the relative position of w,, and wy to be

controlled.
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Figure 3-7 Two single-ring SRRs, a square one and an orthogonal one, are shown,
together with the external electric field E, propagation directions £, lattice constant a,
side length of the unit cell /. The lengths, /; and /g, of the two sides of the orthogonal
SRR are also shown. The figure is imaged from [20].
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Figure 3-8 (a) w, and wy (in units of c¢/a, where ¢ is the vacuum light velocity and a
is the lattice constant of the unit cell) versus a// for a square single-ring SRR (see the
left drawing of Figure 3-7). / is the SRR side length. (b) w,, and @, (in units of c/a)
versus a/l; for an orthogonal single-ring SRR (see Figure 3-7, right panel). /; is the
length of the SRR side which is perpendicular to the incident electric field, E. The
figure is imaged from [20].

3.2.2 Square Single-ring SRR
For circular and square single-ring SRRs with the same geometric size, metal
characteristics, and gaps, the magnetic resonance frequency of the square SRR is a

little lower than that of the circular one (Figure 3-9). Nevertheless, the w,, and @y
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dependences on the system parameters are the same in both cases [20]. However, for
simplicity of both the nanofabrication and the corresponding transmission calculations,
the square form was chosen in the present work.

To make a comparison between single- and double-ring SRRs, the transmission
through the double-ring SRR and that through only its outer or its inner ring SRR are
presented in Figure 3-10. It can be seen that the lower magnetic resonance frequency
of the double ring is essentially due to the outer ring, but with a relatively small
downwards shift. This shift is caused by the additional capacitance between the rings.
The second dip of the double-ring corresponds essentially to the magnetic resonance
of the inner ring with a small upwards shift. The strength of this resonance is
sometimes very small, indicating that the magnetic response of the inner ring is
screened by the presence of the outer one. This-happens mainly in the case where the
electric field is parallel to the continuous side.of the SRR.

There are mainly two reasons why.double-ring SRR has been the preferable form
when studying LH behavior in microwave region. One advantage of the double-ring
SRR compared with its outer single-ring SRR is that the magnetic resonance
frequency occurs at a relatively lower frequency, thus there is a higher probability for
the magnetic response to lie in the ¢<0 regime in the combined system of SRRs and
wires. Another advantage is that the array of double-ring SRRs possesses a stronger
magnetic resonance, which might lead to a more robust LH peak. Although the
desired condition is to make w,, as low as possible, one has to pay special attention to
that the lowering of w,, is not associated with a weakening of the strength of the
magnetic response of the SRR.

As the SRR size decreases, the actual capacitance becomes larger than estimation
because Gupta’s formula is valid only when the thickness of the ring is negligible. To

reduce the geometrical capacitance of the structure, employing an SRR consisting of a
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single ring is advantageous [33]. It has been shown that it is not necessary to use the
conventional double-ring SRR proposed by Pendry ef al., a single-ring SRR with a cut
also behaves as a magnetic resonator. This simplifies the fabrication, especially for
small structural sizes, and potentially reduces dielectric losses, since the fields get
strong only around the cuts but not between the rings anymore [34]. Therefore, for

nano-scaled unit size we focus our study on single-ring SRRs
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Figure 3-9 (a) Transmission (dB)versus frequency-for one single-ring square (solid
curve) and circular (dashed curve) SRR:“The corresponding designs are shown on the
left side of the panel. (b) Re(u)u as a function of frequency for the single-ring square
(solid curve) and circular (dashed curve) SRR, at frequencies around the magnetic

resonance frequency. The figure is imaged from [20].
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Figure 3-10 Transmission (dB) versus frequency for (a) the double-ring SRR and (b)
its isolated outer and inner ring SRRs. The figure is imaged from [20].
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3.2.3 Geometric Parameters of SRR

Previous parametric studies showed a rather weak dependence of EM response of
SRRs on the metal width and gap width. Referring to the SRRs utilized in ref. 6, 36,
and 37, a square single-ring SRR is designed to have a line width that is one fifth of
the side length and a gap width equal to the line width for simplicity in layout. For
example, for the smallest unit cell size 600 nm, its line width and gap width is then
120 nm. In addition, corresponding CRR and 2-cut SRR are designed to demonstrate
the magnetic resonance and the electric coupling effect. The layout designs of 1-cut

SRR, 2-cut SRR and CRR in our experiment are drawn in Figure 3-11.
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Figure 3-11 Designed unit cell of (a) 1-cut SRR, (b) CRR, and (c) 2-cut SRR.

3.3 Arrangement of SRR

With increasing lattice constant a, the resonances narrow to some extent because of
the reduced interaction between the SRRs, but their spectral position remains
essentially unchanged [4]. Figure 3-12 are the measured transmission and reflection
spectra for different lattice constants. In each row of this figure, an electron
micrograph of the sample is depicted on the right-hand side. The two polarization
configurations are shown on top of the two columns. In the first row (A and B), the
lattice constant of the SRRs is @ = 450 nm; in the second row (C and D), a = 600 nm;

and in the third row (E and F), @ = 900 nm. In the last row (G and H), results for
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CRRs with ¢ = 600 nm are shown. Note that the combination of these spectra
unambiguously shows that the magnetic resonance occurs at about 3 pm wavelength

(highlighted by the gray areas).
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Figure 3-12 The measured transmission (red) and reflection (blue) spectra with two
polarizations for (A) to (F) with different lattice constants of SRRs, and (G) and (H)
of CRRs. The figure is imaged from [4].
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Considering the unwanted side effect coming from outward area around the sample,
the SRR array should be larger than the beam size of the incident light when
measuring the transmission or reflection. The number of SRR elements gets huge,
however, as the device size reduces to the nano-scale if the array area remains the
same. This will cause difficulty in fabrication and induce defects easily. Usually, the
SRR array has a separation distance smaller than one unit cell size. To enlarge the
array size by “diluting” the SRR elements while maintaining adequate interaction
among them, a separation distance equal to that of the unit cell size has been chosen.
For example, for the smallest unit cell size 600 nm, the separation distance is also 600
nm, which implies a lattice constant of 1200 nm. This is also for simplicity in layout

drawing and related calculations.

3.4 Material Used in SRR Design

For mm-scaled SRR, cupper is printed on‘the circuit board (so-called PCB) [13, 17,
19. 22. 26]. As scaling down, other metalsthave been utilized such as gold [4, 23, 38],
silver [23, 36], aluminum [23, 35, 37], and nickel [38]. Aluminum is the most
commonly chosen metal in silicon VLSI and has a higher bulk plasma frequency than
gold or silver [23]. However, in this thesis work, gold is chosen to form the SRR array
due to its low loss and acting closer to Drude model even at very high frequencies
[34]. Moreover, it is widely utilized for its inertness, resistance to oxidation, capable
of providing a platform for bio-molecular immobilization such as self-assembled
monolayer (bio-compatible).

As mentioned before, LHMs were first fabricated on PCB. Later, silicon [23, 35, 37,
38] has been utilized as a common substrate. Recently, LHMs using cupper pattern on

glass have been reported [39, 40]. In this thesis work, glass is chosen because it
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enables transmission measurement in the interested frequency range, i.e. around 10
um while silicon exhibits a strong absorption at 9 pm. Other ways to benefit
transmission measurement include “releasing” pattern from the substrate [36, 38]. By
choosing proper photo resist and sacrifice layer, SRRs can be embedded in a

transparent sheet of PR.

Table 3-1 summarizes the design of the ring resonators in our experiment.

Table 3-1 The parameters of the square single-ring SRR designed for this thesis
work. The metal is goal and the substrate is glass. For each SRR size, corresponding
CRR and 2-cut SRR are also designed and studied.

unit cell size (nm) 600 900 1200 1500 1800
line width (nm) 120 180 240 300 360
gap size (nm) 120 180 240 300 360
lattice constant (nm) 1200 1800 | 2400 | 3000 | 3600
array size (pum) 90 90 90 90 90
array size (number) 75xT7511 50507 38%38 | 30x30 | 25%x25
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Chapter 4

Fabrication and Results

4.1 Pre-patterning

The two sides polished 0.7 mm thick 4” Corning 1737 glass wafers were cut into
2x2 cm’ pieces as the substrates. Each piece of glass was then cleaned through the

following standard process:

DI water H2S04 + H202 DI water
rinse - Clean — [NSe
5min 10min 5min

The positive photoresist (PMMA: or ZEP520) was coated on the substrate by
spin-coater. The glass was thereafter baked at 170-180° C for a while in order to
enhance adhesion between the PR and the substrate. Because glass is nonconductor, a
thin layer of E-spacer was coated on the PR after the bake for preventing the charging
effect and thus enabled the successive e-beam exposure. The E-spacer is considered as
a better choice for improving electrical conduction than the use of ITO because of its
simple process and smooth surface achieved. Usually the aspect ratio of PR patterns
should not exceed 5. If the aspect ratio value is too high, the pattern will collapse
during the drying process after rinsing. For the line width of 120-360 nm, the resist
thickness of 300-400 nm is reasonable. Three recipes were used for coating the PR

and E-spacer layers, which are schemed as below:
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(1) Resulted PR thickness: 400nm

ZEP520 coating oven bake Espacer coating
3000rpm 30sec 170°C 20min 1500rpm 90sec

(2) Resulted PR thickness: 300nm

ZEP520 coating hot plate bake Espacer coating
500rpm 7sec 180°C 2min - 500rpm Ssec
5000rpm 80sec 2000rpm 70sec

(3) Resulted PR thickness: 300nm

PMMA coating hot plate bake Espacer coating

1000rpm 10sec 180°C 90sec - 500rpm Ssec
3500rpm 25sec 2000rpm 70sec

The hot plate baking time in case (3),was.extended to about 150sec for improving

the adhesion and conformity of thie PR layer:

4.2 Patterning with E-beamLithography

Patterning was completed by e-beam lithography using an Elinoics ELS-7500EX
high precision compact e-beam writing system. When the electron beam strikes a
point on the resist that covers the specimen substrate, the spatial distribution g(r) of
the electrical charge provided by the beam irradiation over the resist is approximated

by the sum of the two Gaussian distribution functions as follows:
g(ryec g, (r)+ng,(r) 4.1)
where g (1) = 1/(720'J3)€Xp(—r2 / G;) is the forward scattering distribution mainly due

to the resist, g,(r)=1/(zc,)exp(-r’/c,)is the backward scatting distribution

mainly due to the substrate, and # is the sensitivity ratio between the backward and

forward scatting. For example, when a fine electron beam of V,..=50keV strikes the
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Si substrate covered with a 300nm thick resist, the mean square radii of the forward
scattering and backward scattering will approximately be o~=13nm and o0,=10pum
respectively. This means that the term gi(r) changes sharply in relation to the distance
1, whereas the term gp(r) constitutes a near-constant background in g(r). Accordingly,
one only needs to consider o when exposing nano-meter scaled patterns. Likewise,
when exposing patterns of several micron-meters in size, one only considers op. Due
to this Gaussian beam feature, the designed pattern should not have the same width as
the target pattern, or the resulted pattern would be wider than the target pattern (e.g.
by 13 nm for the Si substrate) at each side.

The field size for the ELS-7500EX can be varied between 75-600 pum, which
should be chosen according to the position resolution requirement and the exposure
time limit. Namely, a smaller field size constitutes a finer position resolution, while
demands a linger exposure time- Given the pixel size-and resist sensitivity, the electric
charge required for sensitizing the pattern-could,be calculated. For example, for a 600
um field size with 60,000% 60,000 scan steps,the'pixel size is 10 nm. And for ZEP520,
the resist sensitivity is 30-60 pC/cm” when being exposed with V,=50keV. It then
needs 60uC/cm?x (1x10°em)? =6x1077C of charge to sensitize the pixel of PR.
The beam current and exposure time can then be assigned to achieve enough charges.
When using a larger beam current, a shorter exposure time is needed, while the
electron forward scattering will also be larger, resulting in a larger beam diameter, i.e.
eventually a larger obtained line width. Test exposure should be done to find the
suitable exposure time, which usually differs from the preliminary estimate. Factors
that affect the optimum exposure time include: (1) substrate material, (2) background
exposure distribution due to the backward scattering, and (3) pattern arrangement.

In order to optimize the exposure condition of this e-beam lithography system,

exposure tests were made with several different conditions, i.e., two beam currents
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(50/ 100 pA) and three field sizes (150/ 300/ 600 pm), while a scan steps of
60,000% 60,000 was fixed. It was found that when the beam current and field size
were both large, the position resolution was poor especially for a small line width, as
shown in Figure 4-1 and Figure 4-2. There were certain shifts for both vertical and
horizontal positions, which were more severe for smaller line widths and became less
observable for larger line widths. This shift could be corrected by adjusting the pattern
design. Figure 4-3(a) shows the modified layout for a SRR unit cell, and the improved
exposure results are shown in Figure 4-3(b) and Figure 4-4. Notice that the sharper
edges of large line width patterns (Figure 4-2 and Figure 4-4) compared with those of
small ones (Figure 4-1 and Figure 4-3 (b)) revealed the resolution feature of e-beam
lithography. Furthermore, overexposure was a serious problem for large beam current
and field size. When the beam current and field size were small, the line width
variation was small, as soon as-reaching an enough-dosage. This gives a better line
width control of the target pattern. The chosen-exposure recipe for our experiment is

list in the following table:

Table 4-1 Exposure recipe

accelerate voltage 50 (keV)

field size 150 (um)

scan step 60,000% 60,000 (pixel)
beam current 50 (pA)

dose time 0.85 (usec/dot)

During the exposure experiments, strips of copper tape were attached from the edge
of the glass to the metallic holder for the ground connection, to ensure the elimination
of charge accumulation.

After e-beam exposure, the specimens were first rinsed by DI water for removing
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the E-spacer, and dried by blowing nitrogen gas. The developer used depended on the
PR. For ZEP520, the specimen was soaked in N50 for 45 seconds, but for PMMA, the
specimen was soaked in an organic solution of MIBK:IPA=1:3 for 70 seconds. The

IPA rinsing was then used, followed by nitrogen blow for drying.

SEI 150kV X100,000 100nm WD 8.2mm

Figure 4-1 The SEM image of 4 shifted CRR with line width=120 nm, beam
current=100 pA, field size=600 um;“désage',:'l ,L't—sé'c/dot, PR coating recipe (2).

SEI 150kV  X30,000 100nm WD 8.2mm

Figure 4-2 The SEM image of a shifted CRR with line width=360 nm, beam
current=100 pA, field size=600 pm, dosage=1 psec/dot, PR coating recipe (2).
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30nm 30nm

40n 40nm

250KV X40,000 100nm WD 9.7mm

(a) (b)
Figure 4-3 (a) Adjusted layout fog@,SRR* ﬁ%th line width=120 nm. (b) The SEM

image of the adjusted SRR after dﬁ%*éfop )
pA, field size=600 pm, dosage=€}{9

_ _n.t_,J,_JmE-..w1dth—120 nm, beam current=100
" ﬂ }'Go\'hﬁmg recipe (2).

‘i
|

]

. e

SEI  250kV X15000 1/m  WD9.7mm
Figure 4-4 The SEM image of the adjusted SRR after development. Line
width=360 nm, beam current=100 pA, field size=600 pum, dosage=0.9 psec/dot, PR

coating recipe (2).
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4.3 Thermal Evaporation of Gold and L.ift-off

A gold thin film was deposited on the resist-patterned glass substrate by thermal
evaporation. Generally, the thickness ratio between the photo resist and the metal thin
film (i.e. Au) must be larger than 10:1 to ensure the lift-off process. For the PR
thickness of 300-400 nm, a metal thin film under 30 nm was required. Notice that the
metal film can not be too thin, namely, it should be thicker than the skin depth. The
bulk resistivity of Au is 2.44pQ-cm, so that its skin depth at 30THz is about 10nm.
Therefore a gold thin film of 30nm thickness should be suitable for our devices. For
the Au deposition, the background pressure in the vacuum chamber was pumped
down to 2x107° Torr prior to the process, and would be slightly increased
t02.6—2.7x10° Torr during evaporation. To'-physically remove the unwanted
residual PR in the pattern region,after development, oxygen plasma treatment was
engaged prior to the Au thin film deposition-Eor PMMA, the removal rate was about
10 nm/min, and the duration of oxygen plasmaprocess was about 1-2 minutes without
excessively decreasing the PR thickness. Au evaporation was achieved by resistive
heating of the target when passing 100A current, and the deposition rate was about
0.14-0.15 nm/sec. The deposition time was controlled by a coating thickness gage,
and during the process the temperature of the chamber was about 100°C.

The lift-off process was performed by soaking the specimens in the ZEP520 PR
remover, ZDMAC for about 10 minutes, and then rinsed by IPA and DI water. A
square was drawn around the patterned area by a tweezers prior to dipping in
ZDMAC, and the specimens were gently shaken by hand during the lift-off process to
accelerate the peeling of the PR. The results of the lift-off process were examined by
both optical microscope and SEM. Our experiment showed that the quality of lift-off

result varied according to different PR coating recipes. Figure 4-5 shows the
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successful results of a lift-off process for recipe (1), in which only PR in the patterned
region was removed, thus the Au layer above was lifted off. The charging effect
induced by the uncovered glass can be seen evidently, this is a useful indication for a
completed lift-off process. Figure 4-6 shows the results for a failed lift-off process for
recipe (2). A possible reason was the residual PR in the patterned region caused by an
incomplete development process, such that the Au pattern was partly peeled off
during the lift-off process because of poor adhesion. Figure 4-7 to Figure 4-21 show
the fifteen samples contained Au patterns that were processed using the above
mentioned lift-off technique from recipe (3). Finally, Figure 4-22 is the 3D SEM
image of a SRR array. The overall results were pretty good. Among thousands of
patterns in each array, less than five were damaged. Some specimens were immersed
in acetone and sonicated, in order:to shorten the process time. This process however
resulted in poorer completeness-of the arrays,<.e. up-to ten unit cells came off, which
is a more than twice higher damage rate.compared to the best one. To summary, our
fabrication experience and results showed that’Au thin film has adequate adhesion on
glass that could be survived through the lift-off process, which thus is a feasible way

to produce nano-scaled devices for bio-optical studies.
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5 /18 m 4 _ .I . 0 - 0
Figure 4-5 The SEM image of a SRR array after lift-off. Beam current=100 pA,
field size=600 pm, PR coating recggé.}%&ﬁg__ﬁn

Figure 4-6 The SEM image of a SRR array after lift-off. Beam current=100 pA,
field size=600 um, dosage=0.9 psec/dot, PR coating recipe (2).
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HV mag WD B/
5.00 kV |40 000 x| 10.0 mm| 4:°

Figure 4-7 The SEM image of a CRR array-: after lift-off. Line width=120 nm, beam

current=50 pA, field size=150 um, dosage] 0. 85 us'ac/dot PR coating recipe (3).
E=H= % -
e[ 1 L, 3

;SE‘

HV mag wD det | spot| tilt |
500 kV 40 000 x 110.0 mm ETD| 3.0 |0

Figure 4-8 The SEM image of a 2-cut SRR array after lift- off Line width=120 nm,

beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).
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Figure 4-9 The SEM image of a S@m@y@;}er lift-off. Line width=120 nm, beam
current=50 pA, field size=150 um,’ig&f)sa =0. %/dot PR coating recipe (3).

=: I”‘.l; \

Figure 4-10 The SEM image of a CRR array after lift-off. Line width=180 nm,
beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).
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Figure 4-11 The SEM image of a 2-¢uuSRR. _g_npay after lift-off. Line width=180 nm,
beam current=50 pA, field size= lﬁﬁ um ﬁisa_gq—@,% usec/dot, PR coating recipe (3).

N
e

3
i

Figure 4- 12 The SEM image of a SRR array after lift-off. Lme width=180 nm,
beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).
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Figure 4-13 The SEM image of a.,CRR array after lift-off. Line width=240 nm,
beam current=50 pA, field size= 1.50 um sa_ge—~0' 85 usec/dot PR coating recipe (3).

|

HV WD 6/10/2008 | det | spot| tilt |
5.00 kV | 4 %x10.0 mm 5PM|ETD| 2.0 |0

Figure 4-14 The SEM image of a 2-cut SRR array after lift-off. Line width=240 nm,
beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).
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Figure 4-15 The SEM image ofﬂ@&&&@_{@y after lift-off. Line width=240 nm,
beam current=50 pA, field size=150 pum, dosa '%;%3’? usec/dot, PR coating recipe (3).
'.3- . -"19-}""::}.5 b ‘q';:

=

5.00 kV | 4

Figure 4-16 The SEM image of a CRR array after lift-off. Line width=300 nm,
beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).
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Figure 4-17 The SEM image of a ZﬁcutFSRﬂ_,Egrray after lift-off. Line width=300 nm,

beam current=50 pA, field size= 1.;53 umr ﬁisa_gq—@,% psec/dot, PR coating recipe (3).
S §

——

Figure 4-18 The SEM image of a SRR array after lift-off. Line width=300 nm,
beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).
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HV mag WD 6/ 08 | det | sp rf tilt -—_pm—
5.00 kV |40 000 x| 10.0 mm| 4::

Figure 4-19 The SEM image of a. CRR aray after lift-off. Line width=360 nm,

beam current=50 pA, field size= 150 um dosage U 85 usec/dot, PR coating recipe (3).

.
:
' HEHNW

= | --C r B

HV mag WD 6/10/2008 | det | spot| tilt — |_|m—
5.00 kV |40 000 x| 10.0 mm|4:41:35 PM |ETD| 3.0 |0

Figure 4-20 The SEM image of a 2-cut SRR array after lift-off. Line width=360 nm,
beam current=50 pA, field size=150 pm, dosage=0.85 psec/dot, PR coating recipe (3).

65



148 after lift-off. Line width=360 nm,
beam current=50 pA, field size=15( ' 0:85 psec/dot, PR coating recipe (3).

=

HV ‘ mag | WD R A A e —

5.00 kV | 40 000 x |10.8 mm | 5:29:46 PM | ETD| 3.0 | 60 °
Figure 4-22 The 3D SEM image of a SRR array after lift-off. Line width=360 nm,

beam current=50 pA, field size=150 pm, dosage=1.2 psec/dot, PR coating recipe (3).
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Chapter 5

Measurement and Results

5.1 Measurement

Most optic measurements of um- or nm- scaled metamaterials were done by the
FTIR (Fourier transform infrared spectrometer) [30, 36, 37, 38, 39]. In this thesis
work, both reflection and transmission spectra of the specimens were measured
carefully using the micro scoped-ETIR Hyperion'’2000 manufactured by Bruker. The
measurement range of this FTIR extends from k=370-25000 cm™', which covers the
middle-infrared (MIR), near-infraréd” (NIR)-.and wvisible (VIS) region by using
different beam splitter and detector materials listed in Table 5-1. The wavelengths and
wave numbers specifying the three spectral ranges are listed in Table 5-2. The
microscope provides optical image of the sample that allows the light to impinge on
the desired area when the devices area was very small, for example, 90x90 pm’
arrays in our experiment. Moreover, the Hyperion 2000 equips with a grazing
incidence objective to allow the light impinged obliquely at a range of 52.2°-84.2°
which is useful and convenient for reflection study. The light path of the grazing
incidence objective is illustrated in Figure 5-1.

In Chapter 2, we introduced the four frequently studied orientation and polarization
combinations of the SRR (Figure 2-5 that is presented here in Figure 5-2 again for
convenience). Measurement geometries were designed to match these four types of

combinations in Figure 5-3. Due to the mechanical limitation of our equipment,
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in-plane incident is impossible. Instead, we used the grazing incidence objective to
achieve horizontal quantity of the incident light and vertical quantity of the magnetic
field (Figure 5-3 (a) and (b)). Polarization was set either 0° or 90° to fulfill the
required direction of the electric field. Owing to the weak signal achieved by the

grazing incidence objective, the measurement conditions were set differently for

Table 5-1 Beam splitter and detector materials used in Hyperion 2000 FTIR.

beam splitter | detector
MIR | KBr MCT/DLaTGS
NIR | CaF, InGaAs diode
VIS | quartz Si Diode

a

£
- -

Observation Mode Measurement Mode

Figure 5-1 The light path of the grazing incidence objective in Hyperion 2000.
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Table 5-3 Measurement conditions

vertical incidence | oblique incidence
aperture | 1.5 (mm) 8 (mm)
resolution | 4 (cm™) 8 (cm™)
scan time | 32 (time) 64 (time)
(a) (b)

Figure 5-2 SRR in the four nénttivial EM field propagation directions and
polarizations. The figure is imaged from [36]-

Ve

P=90° P=90°
(a) (b)
1 E 1
4 4
D - k =
H
P=90° p=0°

(c) (d)

Figure 5-3 Measurement geometries that correspond to the four combinations in
Figure 5-2, accordingly. Reflection was measured through (a)-(d), while transmission
was measured only for (c) and (d).
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oblique and vertical incidence as listed in Table 5-3. Despite the aperture set, the
measurement window was narrowed down to approximately the array size, i.e. 90 um,
for both oblique and vertical incidence. Transmission measurements were done only
for geometries (c) and (d) since it is not available for oblique incidence using our

equipment.

5.2 Analysis procedure

Because the intensity of the incident light varies with the impinging and
polarization angles, there is a need to calibrate and normalize the measured signal
intensity, in order to facilitate a unified comparison among various spectra. This was
done by drawing a slope from the lowest point to the highest point for each spectrum.
The lower intensity then can be.compared to the higher intensity with a meaningful
reference.

To highlight the spectral features that-are caused by interactions between the
incident light and the patterns, the “measured spectrum were divided by the
background spectrum. The background of the reflectance was a gold-coated reference
specimen, while the background of the transmittance was the glass located outside the
patterned region. The reflection/ transmission spectra that have been normalized and
divided by the proper background spectra are called normalized reflectance/
transmittance.

Expected EM responses for the three types of ring resonator patterns under
different measurement geometries are listed in Table 5-4. The main factor that
influences the response of the resonators is whether the magnetic field is
perpendicular or parallel to the pattern surface. Another factor is the orientation of the

pattern, i.e. the gap-bearing side of the resonators, with respect to the electric field.
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Table 5-4 Expected responses for the three types of ring resonators, i.e., SRR, CRR,
and 2-cut SRR, under the four measurement geometries depicted in Figure 5-2 and
Figure 5-3. E stands for the electric resonance, M stands for the magnetic resonance

and C stands for the electric coupling effect.

(2) (b) (©) (d)
SRR EM |EM/C |E E/C
CRR E E E E
2-cutSRR |EM |EM | E E

5.3 Results and Discussion

The measurements were essentially carried out twice for each of the three samples,
and the obtained spectra are rather identical, indicating a good experimental
reproducibility. Figure 5-4 shows the nermalized transmittance of the SRR array for
geometry (c). The transmission: dips-gcorrespond to the peaks of the normalized
reflectance for the same SRR array and measurement geometry shown in Figure 5-7,
while strong absorption occurred for frequency below about 60 THz. This might be a
transmission property of the Conning glass wafer, namely, the glass is opaque for part
of the MIR region. The expected magnetic resonance wavelength 6-18 pm, i.e. 16-50
THz in frequency, was blocked by this substrate absorption. Thus, we will present

only the normalized reflectance spectra in the following discussion.
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Figure 5-4 Normalized transmittance of the SRR array for geometry (c).

Figure 5-5 to 5-8 show the normalizeéd reflectance of the SRR array for the four
measurement geometries. For all measurement geometries, there is a reflection band
from 24 to 36 THz, while at higher frequency; another reflection peak can be clearly
seen and has a blue shift as the unit cell size decreases. Some of the reflection peaks
split especially for small unit cell size (600nm and 900nm) and for oblique incidence
((a) and (b)). This might be due to the incapability of the machine to cover the entire
spectral region smoothly. The orientation of the electric field influences the reflection
spectra by changing the spectral configuration which can be seen when comparing (a)
and (b) or (¢) and (d). When the electric field was parallel to the gap-bearing side of

the SRR, the reflection peak shifted to higher value.
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Figure 5-5 Normalized reflectance of the SRR array for geometry (a).
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Figure 5-6 Normalized reflectance of the SRR array for geometry (b).
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Figure 5-7 Normalized reflectance of the SRR array for geometry (c).
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Figure 5-8 Normalized reflectance of the SRR array for geometry (d).
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Figure 5-9 to 5-12 show the normalized reflectance of the CRR array for the four
measurement geometries. Again, the reflection band between 24-36 THz is fixed in all
measurement geometries. The reflection spectra of the CRR array are quite similar to
that of the SRR array for geometry (a) and (c), while there is almost no difference
between (a) and (b) or (¢) and (d) which implies that the orientation of the electric
field does not affect the EM response of the CRR array. This is reasonable and
expected since the CRR is symmetric. Because the CRR does not have a capacitance,
it is assumed to exhibit only the electric response. And since the spectrum of the CRR
array for geometry (a) does not remove any peak when comparing with that of the
SRR array, one may conclude that the reflection peaks occur beyond 50 THz should

be an electric response rather than a magnetic one.

——600nm
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Figure 5-9 Normalized reflectance of the CRR array for geometry (a).
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Figure 5-10 Normalized reflectance of the CRR array for geometry (b).
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Figure 5-11 Normalized reflectance of the CRR array for geometry (c).
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Figure 5-12 Normalized reflectance of the CRR array for geometry (d).

Figure 5-13 to 5-16 show the-normalized reflectance of the 2-cut SRR array for the
four measurement geometries. The fixed-24-36,THz reflection band is consistent with
the previous SRR and CRR case. We may conclude that this unwanted reflection band
is due to the feature of the glass substrate. The spectra for geometry (a) and (c) are
also similar to that of the SRR and CRR, while in (b) and (d), the spectra vary in a
different way from that of the SRR. In a nut shell, the three patterns show finger print

spectra result for geometry (b) and (d).
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Figure 5-13 Normalized reflectance of the 2-cut SRR array for geometry (a).
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Figure 5-14 Normalized reflectance of the 2-cut SRR array for geometry (b).
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Figure 5-15 Normalized reflectance of the 2-cut SRR array for geometry (c).
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Figure 5-16 Normalized reflectance of the 2-cut SRR array for geometry (d).
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To examine the scaling of the EM response with the unit cell size, the electric
resonance wavelength (and its corresponding frequency and wave number) of the five
SRR unit cell sizes measured from geometry (c) are listed in Table 5-5 and the 4,—a
relation is plotted in Figure 5-17 which shows a nearly linear scaling. Here we are
unable to draw the scaling of the magnetic response since it was not observed in our

measurement results.

Table 5-5 The numeral data of the electric response wavelength and corresponding

frequency and wave number for different unit cell sizes.

a(mm) |4, (um) | f(THz) |k, (cm™)

600 2.37635 | 126.24383 | 4208.12764
900 3.33239 | 90.02539 | 3000.84629
1200 4.17825:7(.71.80045 | 2393.34849
1500 5.06863 |©59:18764 +| 1972.92144
1800 5.79352 | 51.78196.' |-1726.06519

Scaling of the, electric resonance
6.0—-
5.5
5.0

4.5—-
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35 /
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Ele ctric resonance wavelength (um)

Figure 5-17 The scaling of the electric response wavelength with unit cell size for

the SRR array measured by geometry (c).
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To reveal the influence of the electric field orientation on the reflection spectrum, the
measured spectra of geometry (a) and (b) were plotted in the same graph, while those
of (c) and (d) were plotted in another one, i.e., with the same polarization but different
beam impinging azimuths for comparison. Figure 5-18 summarizes the spectra of the
three patterns for the smallest unit cell size, 600 nm. It can be clearly seen that the
spectra of the CRR were not affected by the E orientation, while for SRR and 2-cut
SRR, the electric resonance peaks shift to higher value in geometry (b) and (d). The
degree of shift is larger for the SRR than that for the 2-cut SRR. This is expected
since the 2-cut SRR is more symmetric than the SRR (but not as symmetric as the
4-cut SRR), it should be able to reduce, if not remove, the electric coupling effect.
Namely, the electric resonance peaks are less influenced by the E orientation for more
symmetric ring resonators. However, the reflection peak near the magnetic resonance
frequency induced by the electric coupling effect was not observed in our
measurement results except for the smallest-2-cut SRR where an additional reflection
peak at about 60 THz occurred as shown.in Figure 5-18 (F). One possible reason may
be that the magnetic response frequency is smaller than expected, so only the peak of
the smallest 600nm 2-cut SRR (which has smaller capacitance and thus higher
magnetic response frequency then the 600 nm SRR) can survive the blocked region of
the spectra. For the 900 nm 2-cut SRR, a secondary reflection peak is also observable

at about 46 THz as shown in Figure 5-19.
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Figure 5-18 Comparison of the normalized reflectance for the (A) SRR arrays in
geometry (a) and (b), (B) SRR arrays in geometry (c) and (d), (C) CRR arrays in
geometry (a) and (b), (D) CRR arrays in geometry (c) and (d), (E) 2-cut SRR arrays in
geometry (a) and (b), and (F) 2-cut SRR arrays in geometry (c) and (d). The unit cell
size 1s 600nm.
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Chapter 6

Conclusion

Meta-materials were studied in this thesis work because of their resonance features.
Three types of ring resonators: SRR, CRR, and 2-cut SRR were designed with five
unit cell sizes, ranging from 600 nm to 1800 nm. The success in fabrication of Au
pattern arrays indicates the feasibility to make nano-scaled gold devices on the glass
substrate using the e-beam lithography together with the lift-off technique.

Optical measurements werecarried |out using ‘the microscoped-FTIR for four
nontrivial geometries. The magnetic .resonance ‘was not observed due to the
overlapping of the interested frequency region with the substrate absorption, i.e. Si-O
bond vibration, around 10 um. This implies that glass may not be a suitable substrate
for optical studies at the MIR region.

However, the electric resonance of these patterns showed clear trends with
reproducibility. First, the electric resonance frequency was influenced by the
orientation of the resonators with respect to the electric field. When the electric field
is parallel to the non-gap-bearing sides of the resonators, the reflection spectra were
similar for SRR, CRR, and 2-cut SRR. In contrast, when the electric field is parallel to
the gap-bearing sides of the resonators, the reflection spectra of the three types of the
resonators became different. The reflection spectra of the CRR remained almost
unchanged while the electric resonance frequency shifted to much higher values for

the SRR (blue shift). For 2-cut SRR, only slight shift of the peaks were observed
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which implied that more symmetric resonators can effectively reduce the electric
coupling effect. On the other hand, a linear scaling of the electric resonance with the
unit cell size has been observed.

In order to demonstrate both electric and magnetic response of the ring resonators,
it is useful to utilize different ring resonator designs with various unit cell sizes and
measure the optical features for all possible geometries that induce the EM response
and cross-check the spectra.

To study the magnetic resonance of the ring resonators at 10 um, either the glass
substrate should be replaced or the unit cell size should be tuned. Simulations prior to
the experiment by CST Microwave Studio, a state-of-the-art electromagnetic field
solver [1, 2, 25, 37, 43], will provide useful information and physic insights that may
help and allow more reasonable®design of the.device. In the future, to adhere
bio-molecules such as proteins ;with or without -metallic ions or certain DNA
sequences on the metal resonators istof interest.to study how these bio-matters would
perturb and alter the EM responses, which “maybe an enabled technique for

bio-sensing and manipulation.
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